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Forwarding report and notingz'

¢
H

1. The report swmarizes work on: I., the mechenism of B
activation; II. the correlation of variables in thé stesm
activation of char prepared from compressed woodj sad "
IIT. the mechanism of activation of .wood by such .chemicals

as zinc chloride. ’ C e e v

2. Part I correlates, by means of an~hypothesis proposed

by the present contract, date ébtained by other OSRD projects
or found in the published literature.,  The hypothesis is used
as & basis for the discussion of the experimental work reported
in Parts II and III. 0 ‘ . S ) cen

3. Part II reports an experimental study of thé affects.of

the operating weriables important in steam aectivation on the -
relative internal end external weight losses;’ the. devélopment
of base charcoal properties, and the ratesof: activation..’ )

N
. £

4, Part III summerizes experimental work on the activation
of wood flour by chemicals. It is shown that zinc chloride
and phosphoric acid are the only effective activating agents
emong the common chemicals tried, énd that zinc chloride is
by far the better of the two. Explanations of the effect of
time of digestion on the reactivity of the final char are,
suggested. The vesults confirm and extend those reported in
Report OSRD No. 432a (Contract 10-477, OEMs$r-=1200).

(2) from W. A. Noyes, Jr., Chief, Division 10 to

Dr. Irvin Stewart, BExecutive Secretary of the Wational Defense
Research Committee.

Forwarding report and noting:

*This report sumparizes much useful information on charcoal
activetion. It is presented as & final summary of this phase
of the work and should be of interest to those who continue to
be interested in gas mask ebsorbents."

This is a final report under -Contract 10-57, OEMsr-580 with Cernegie
Institute of Technology.
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GAS AND CHEMICAL ACTIVATION OF CHARCOAL

by

Robert York, Jr., et al.
covering the period
July 31, 1942 ~ August 31, 1944
- ABSTRACT
The presentation of results obtained in this program is divided
into three sections. The theoretical discussion presented in the
various sections is intended ©0 apply not only tothose results in
particular but also to charcoal activation in general. The three parts
are as follows:
Part I - The Activation Mechanism in Charcoal
The results of the current development of X-ray diffraction technique
in the determination of physical structure of charcoal have been confirm-
ed by nitrogen adsorption measurements, It is possible to account for
all of the internal adsorptive area in charcqal in terms of graphite
plane layers.
The activation process is definitely determined to be due to the
opening of passageways to voids already existing in the primary char.
It is not possible to produce more area in the activated particle than

was available in the surfaces of the voids in the primary char particle.

In the gas activation process there is a relationship between the external

weight loss and the mesh size loss from which the product yield can be
calculated from the apparent density and a correlation of size loss with

volume loss. .
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Part II - Variables of the Charcoal Activation
Process Studied in the Laboratory dJiggler
1. The laboratory jiggler described previously in OSRD Formal Report
No. 956 and OSRD Formal Report No. 1521 has been used for an investigation
of the variables in the jiggler process for compressed wood char made by

the Carlisle process.,

2. In this report the reproducibility and correlation of jiggler

results are discussed.
Conclusions (for Part II):
1. In the jiggler activation of Carlisle wood charcoal between 80
and 30% yield the yield-time, apparent density (A.D.)-time, and A.D.<yield
relationships are linear and may be represented by equations of the form
y = ax + b,
2. The b values in these equations give some indication of the
weight and volume relations during the inception of the activation reaction.

3. The calculated volume losses agree with the observed per cent size

losses.

.

3

4o In the relations dm = p dV + V dp, where dm is the mass change,

p the density, and V the volume, p dV is the external and V dp the internal
burning. The data show that the ratio of external t o internal burning is
approximately unity in the region between 80 and 30% yield.

5, The Arrhenius constant for the increase of reaction velocity with
temperature between 1450 and 1650°F. is 47,500 cal./mol and is in agres-
ment with measurements reported in the literature on Acheson graphite.

6. The maximum PS life developed has been correlated with activating

gas velocity, gasification rate, temperature of activation, and time of

activatione -
CONFIDENTIAL
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7: At the high gasification rates which are obtained in the jiggler
procesé, the effects associated with the gaseous environment are important
in determining the pore size distribution of the_activated product from
Carlisle process primary char, |

8./ In the gas activation of 12-30 US mesh particles the high gas vel-
ocities in the jiggler process reduce the diffusion resistance and promote
the formation of adsorptive surface within the particle.

Part IIT - Laboratory Investigations on Chemical Activation

An investigation of all the recent data in the literature on the in-
fluence of different inorganic compouﬂds as activating agents supplemented
by runs in the laboratory has shown that zinc chloride is by far the most
suitable activating aggnt;

l. In thé dehydration mixing of wood flour-waber-zinc chloride mix~
tures the time-temperature curve of the mix goes through a peak at times
corresponding to large changes inthephysical appearance of the mix.

The most p;obable possibility is that the temperature drop is connected
with the ¢olloidal properties of the sawdust.

2. In studying the chemical activation of wood fliour a laboratory
sized break mixer is being used for the wocd flour imbregnation operation

preliminary to carbonization. A number of runs have been made to ascertain

the degree of control necessary for reproducibility of Briquetting character-

istics with time of dehydration.

3. The physical appearance of the mixture during the impregnation
operation provides sufficient significant information to enable the
operator to predict mechanical characteristics of the briquet.
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' Ls In the dehydration of zinc chloride-wood flour-water mixtures the .

ratio of the densities before, during,'and after compressibﬁ to 40O .

CONFIDENTIAL
—ly

lbs./in.2 are shown to be related to the mechanical characteristics of E

the briquet,

5, A study of the variation in density of the briquet under

4000 1bs./in.? with time of mixing and percentage of zinec chloride would

be necessary to determine the absolute amount of swelling of the wood.

6. A study of the reactivity of the mix to oxygen in various stages

of'dehydration has been made, This investigation shows that increasiﬁg

the concentration of the zinc chloride in the mix and increasing the

time of mixing decreases the amount of volatile matter in the mix and

raises the ignition temperature,

None.
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- INTRQDUCTION
Previous results on this contract have been reported in the following .
reports of Division 10; NDRC:
OSRD Formal Report No. 956 (July 31, 1942): "Activation of Gas Charcoal
by a New Jiggler Process.!
OSRD Formal Report No. 1521 (April 1, 1943): MFurther Developments of
a Laboratory Jiggler for Activating Gas Charceal, and Tentative.
Results on Gasification Rate Studies,"
OSRD Formal Report No. 4011 (August 12, 1944): "Activation of Charcoal
in a Boiling Bed Furnace,"
and Informal Progress Reports: _
10.4-14 (April 1, 1943): "Weight and Size Losses During Laboratory
Activation of PCI Char."
10.4-18 (May 1, 1943): ®Activation of Charcoal in a Boiling-Bed Furnace.!
10.4-20 (4pril 1, 1943): Same as OSRD No. 1521
10.4~30 (August 1, 1943): "Composition of Gases Ewolved During Activation.®
10.5-1 (September 1, 1943): "Aotiwvation of Carbonized Presto-Logs."
10.5-6 (November 12, 1943): "Activation of Charcoal in a Boiling-Bed
Furnace II."
10.5~7 (December 1, 1943): "Effect of the Activation Process on the Nitrogen
Adsorption and Whetlerite Properties of PCI and Carlisle Charcoals."
10.5-9 (December 15, 1943): "Activation of Carbonized Peach Pits and Black
Walnut Shells in PCI Retorts.®

10.5-14 (February 1, 1944): "An Hypothesis of the Activation Mechanism in

Charcoal. "
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10.5-18 (March 1, 1944): “A Modified Boiling-Bed Furnace for Charcoal '

': ' Activation by Steam III.m . ‘£

and the Monthly Summary Reports of Sections 10,1. and 10.5.

The program on this contract on the activation of charcoal has
been on the application of the fundamehtal research to the large-
: scale activation of charcoal and to the improvement of charcoal quality
; through the activation process,
| We are indebted to Dr. P. H. Emmett of the Johns Hopkins University
and to Dr. Ts F. Young of the University of Chicago, both Official

‘ Investigators on NDRC, for their able assistance and helpful advice during

the progress of the work, Any contributions of our project to the

knowledge of the activation mechanism are largely due to the advances

which their projects have made.
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Part I. Activation Mechanism in Charcoal
(Tables and Figures are at end of Part I.)

One of the requisites. of a gas mask charcoal is a large internal
surface area for gas adsorption. In the activation of charcoal, by
oxidation of the primary char in a gaseous atmosphere, the internal sur-
face area is produced by opening passages to small vbids which are present
in all forms of carboniz;d materials.

These voids are produced in the carbonization process. As
carbonaceous materials are subjected to progressively higher temperatures,
they tend to approach natural graphite as a limiting state of, aggregation.
In the process, elements such as oxygen, hydrogen, and nitrogen, which
were present in the raw material, are volatilized. At a temperature of
1000°C. substantially all of the foreign elements present , except ashes,
have been eliminated; and the carbon present is chemically in a graphitic
condition. X-ray analysis ha§ sﬁown, however, that the physical structure
is highly disordered. The individual graphite plane layers, instead of
being arranged in the graphite lattice, are collected into small packets+l'
The voids in charcoal result from the crevices between the packets as
they compose the gross particle.

Figure 13 ‘shows the crystal.lattice of graphite according to Hofmann<.
Figure 2 shows the arrangement of the packets of Diameter A and Height C.

The distance between plane layers in the packets is slightly larger
than that for true crystalline graphite (3.353), due to the random orienta-

tion of-~one plane layer network with respect to the adjacent plane layer

1- See references in Table I.
2~ Ergebnis. exakt. Naturwiss. 18, 229 (1939).
3~ Figures and tables for each part are collected at the end of the part.
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network. The interplanar distance in graphite represents the appro#imate
distance of closest approach, due to physical attraction, of any atom center
to the graphite plane, Ip charcoal the planes do not approach quite as
closely because they are not oriented in positions for maximum attraction.
X~ray measurements have furnished this picture of the packet as the elementary
aggregate in charcoal structure. The packets are randomly arranged and inter—
locked together to form the gross charcoal particle., The space between thé
packets constitutes the pore space. It should be emphasized that this pictupe
of the charcoal structure is based ph information from X-~ray and electron
diffraction measurements on samples which did not have gases physically
adsorbed on them., That physical adsorption of gases could take place between
plane layers of less than 4 K'separation is an impossibility. If interplanar
penetration did occur to any large extent during physical adsorption, the
packets would have to expand accardiemwise., A certain amount of this might
occur without a noticeable increase of the gross volume of the particle. The
highly interlocked structure of the charcoalwould tend vo retard such an ex-
pansion, however. No X-riy measurements have been made yet to show whether
plane layers do increase their separation during the adsorption processs

Table Il shows values obtained for thée lattice axes and packet dimensions
by various investigators. Table II shows the areas of acti;ated charcoals de—
termined from nitrogen adsorption by Emmett compared with the areas calculated ..
for the packets measured by Clark and Johnstone. These measurements by Emmett
are the first area determinations to confirm the X-ray predicted area by an
agreement within 100%.

This calculation is only an example of how eray'dgta can be treated.

The significant fact is that the X-ray calculated arsas are proportional to
1 — Figures and Tables for each part are collected at the end of the part.
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the nitrogen areas over a range of 1000 sq.m./gm. Considerable refinement
is necessary before the.absolute agreement can be considered more than for-
tuitous. However, it is important to note that the area of the packets is
sufficient to account for the necessary adsorption area.

It has been stated in the literature3 that one gram of black carbon is
limited in its maximum area to that obtained for both sides of a single
graphite plane layer of one gram weigﬁt. This figure is 2640 sq.m. This,
however, is for a continuous plane, ﬁhen the plane is broken up into plates
of 20 & diameter the additional area on the edges increases the total to
L1410 8Q «Me

The presence of voids may be confirmed by helium density measurements.
The X~ray méasurements have already determined that the density of thé carbon
phase is about 2.0 g./cc, Any large departure of the density »y Helium dis-
placement below this figure must be due to closed voids that are unavailable
to helium penetration. Tﬁé fact that the helium density increases during
activation has frequently been cited as évidence that the activation process
opens up passageways to these voids.

Activation Process

A brief summary of the méchanism of gas activation is as follows: Start-
ing with the primary char which has bgen heated to at least 1000°F. in the
carbonization,process, a char has already been formed which has a consider-
able capillary system interwoven between aggregations of carbofi agout 1000 %
in diameter ér larger. These aggregations are composed of the graphite

plane layer packeﬁs intérlocked together, The oxidizing gases attack the

aggregates .in .all directions from the original capillary system.\fOxidation

3- Berl, Andress, Reinhardt, and Herbert, Z. f. Physik Chem., Al585'273 (1932).
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proceeds most rapidly at the plane layer edges where a few atoms of hydrogen
and oxygen remain, and at centers of ash concentration where the ash consti-
tuents catalyze the attack on the graphite plane layers. The other regions R
of the graphite plane.layers are more stable and are unaffected by the oxida— .
tion reactions. The penetration of the aggregates follows the crevices between
packets and rapidly extends the capi;}ary system throughout all the void spaces.
As the capillary system is being extended, the oxidation also begins to attack

1 the walls of the capillaries which are alreadyformed, burning away carbon and

increasing the diameter of the capillaries. This oxidation does not contri-
bute any new area; in fact, it tends to decrease the area.

It should be emphasized that oxidation does not create any capillaries in

the solid phase. All attempts recorded in the literaturel to activate macro-
crystalline graphite have only resulted in reducing the surface area. All at-

tempts to make capillaries in macrow-crystalline graphite by oxidation have been

unsuccessful, This is an entirely different idea, however, from that of pene-
trating voids that are already present,
Inthe initial stages of the activation.this loss of area due to capillary

enlargement is not serious., The rate of loss of area increases, however, and

D A G S
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eventually passes the rate of increase of area (per cc. of charcoal). Further .

activation beyond this point decreases the adsorptive power of the charcoal and

>
Pl

the charcoal is characterigzed by an excessively low apparent density. 0
Simultaneously with the oxidation effect there is a temperature effect in .

the activation process. If the char was carbonized at 1000°F, and is activated

at 1800°F., the increase in temperaturé causes considerable shrinkage. This

increases the grams of carbon per cc. and also the adsorptive capa;ity per cc.

. L~ Ruff and Backe, Kolloid Z, 38, 59 (1926).
: Bach and Levitin, ibid, 6k, 22 (1933).
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Figure 3 is an illustration of the way in which these different‘eﬁfects
might be manifested in the properties of the activated cha}: 'kTﬁis fiéuré is
taken from Informal Progreés Report 10.5-9, "Activation‘of C;rbonized Peach
Pits and Black Walnut Shells in PCI Retorts."). At low activation temperatures
the pore-widening oxidation takes place predominantly giving large apparent
density losses with small area increases. At 1700°F. the optimum combination
of penetrating void spacés at a high rate and thermal shririkage of thé char~
coal takes place, giving larger area and tending to counteract apparent den-
sity loss and resulting in the optimum P$S adsorptive characteristics.

In addition to thg oxidation of material out of the inside of the parti-
cles, a certain amoun£ of charcoal, is burned away.from the circumference of
the particle resulting in a total loss of material. From data taken on the
activation of carbonized black walnut sﬁells reported in NDRC Informal Progress
Report 10:5—9 and a correlation of the extgrnal weight loss of particles with
size loss a calculation of the yield has been made., The yield values in.Fig~
ure 3 were obtained in this manner. The following discussi;n explains how
this calculation was made using the black walnut data for purposes of example.

Let the fbilowing nomenclature be used:

m = mass, grams
y = % yield, graé basis
p = apparent dénsity, grams/cc
Vo = apparent specific volume of charcoal as charged,
cc/gram -
v = apparent specific volume of charcoal,'cc/gram
&S = % size loss, wt. % of material brigigally held on

given screen now passing that screen. All sizes U.S.

mesh, .
CONFIDENTIAL
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% External Welpht Loss

one gram charge is:
| L e t 1t :

“. y= l+AP] vo +Av} pt. o ‘ (1)

i o . 0 '

This relation assumes that. the weight loss occurs by the successive steps of

| - . ‘
\ ‘ The equatlon for the fractlonal yield at time t for a
|

(a) the original bulk volume of charge undergoes an A.Ds loss from Po 'to Pt

(b) the original bulk volume of charge now at py undergoes a volume loss from

l Vo to V¢» The path by which the reduction of particle size and weight is

\ followed‘is immaterial.

t
\ . In equation (1) the only unknown term 1s£lv] which is equal to
|

—

X%—ST—} [@s <vo>] (2)

The first bracket in expres51on (2) is determlned as a single factor from

' experimental data obtained on these shells in 1aboratory activation where

the charge is lOO% 12—l6 mesh and whose yolume 1§ m40 A correlation of

the % loss of volume with the % loss of l2—16 mesh for this ‘particular

sample shows that the volume loss is O 7% the size loss. In other words,

if all of the original charge of 12—l6 mesh has been reduced to, below 16

mesh the volume of this product is only 0.3 times the original volume.

This is confirmed by a calculatlon of the loss of volume necessary to reduce

a frustum of a cone having bases whose dlameters corresoond to 12 and 16

mesh, to a frustum of a cone whose largest base corresponds to 16 mesh, by

reduciné all dimensions‘the same amount. This gives a ratio of 0.8 in

substantial agreement with the experimentally obgerved ratio of 0.7.

In order to employ the % size losy of Term (2) in equation (1) the per

cent size loss can be expressed in t erms of apparent density loss, by the

k CONFIDENTIAL
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equation: . o
I-py=chs | | (3)
where I is the intercept at 100% 12-16 mesh and ¢ is the slope of the curve
of p versus mesh size. This slope has been determined from the calculated
% loss of 12-—165 and p of 12-16 particles obtained in the h’qt. samples taken
from the PCI retorts during activation. The use of this equation for the volume
loss would be entirely misieading in the range where devolatilization is tak-
ing place, i.e. the early stages of tﬁe run, since during shrinkage p is
increasing while the volume decreases. However, gﬁis équation is theoreti-
cally exact in the range where the volume loss is linear function of p
and gives exactly the overall volume loss since cﬁarging, as will be shown
below.,
The initial volume per gram v, in equation (2) is equal to 1/A where
A is the arbitrary Po since that repreéents a density at which the ccmmence-
ment of external burning has arbitrarily been set., It will be shown later
that the final equation for the yield depends only on this arbitrary value
for po which is assigned to the samplé as charged, consistent with a balance
in the total process of manufacture.
Term (2) thuS'bécOmes:

“ ©0.N(T - p1) (&)
c A

3. The procedure followed for getting samples was to take a given
volume of charcoal from the retort for each sample. A screen analysis by
weight of this constant Volume of sample then is equal to the screen analysis

by volume providing p of the fractions classified is the same. A corollary

of size theory is that packed spheres always have the same percentage of
5 ~ This calculation will be discussed in Part 3 below.

" CONFIDENTIAL

N S, B = - g

B, a1 -




B

e it n ot i S 100 40 e " et e e

L . N
P Ao il P et ]

void spaces.

tions of p are irregular from one size to another,
fore, that the 12—16 p holds for 16-20 and 20-30.

ligible as far as varlatlon 1n p is concerned,
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Measurements of p of 12-16 and 16~20 fractions show that varia-

4

It will be assumed, there-
‘The per cent fines is neg-~

By using the size. analysis of

the orlglnal retort charge the per cent 12-16 mesh of subsequent retort sam—

ples may be placed on a basis of 100% 12-16 mesh charged, corresponding to

the laboratory data used for cerrelating size loss with volume loss. One fur-

ther correction must be made to the per cent 12-16 mesh obtained for retort

samples.' This is necessitated bythe fact that in withdrawing a constant

volume of sample, the volume loss from the volume decrease of 12-16 mesh par—

tlcles 1s filled up by partlcles which were orlglnally over 16 and not included

in the original volume ba51s of 100% 12-16.

In other words, some extraneous

particles came in which were not made by activating down the particles taken

on the ofiéimal basis.

This makes the observed per cent of 12~16 .obtained

in the analysls smaller than 1t should be on the original basis,.

If x is the actual fractlon of 12—16 and R is the observed fraction of

12-16 and the volume loss is 0.7 times size loss, then .

A plot of x =

=Rﬁ+baarxﬂ

(5)

f(R) was made and the correct x values read from this plot and

used as described in Part 2.

L4. Using the term (4), the yield may now be evaluated by equation (1).

Substltutlpg:

where Ais arbltrary original density

 ¥12-16
Y1216

¥12-16

t

1--pt) _ 0.7 *Pt)(Ptl
2 A c A

A=A+ pt - 0.7/c Ipt + pt?
~ i A

£L [1 = Oe?/’XLI.:.Dt)] iy
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. . The yield obtained by this equation will be the yield of 12-16 mesh particles
, in the charge. The loss of weight by the smaller sizes will probably parallel
. this. The accuracy of the equation is x5% and is limited by the term

0.7/c (L - pt). This equation may be used to calculate the yield of spot

i

samples taken from large scale activating processes using the correlation of

size loss with volume loss determined empirically in a laboratory model of

such a.process.
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TABLE IT
COMPARISON OF SURFACE AREAS CALCULATED FROM X-RAY DATA WITH AREA MEASURED
BY N, ADSORPTION AT -195°C.

Data from Johnstone and Clark, OSRD Formal Report No.ll43

Interplanar Packet Dimensions(4°) Galc.Area Arga by Np ads.

Sample Distance(A®) Diameter A Height ¢ m2/gm. m~/gm.
CWSN 31 3.7 20 10 1970 2040
32 3.7 34 10 1560 2015
33 3.8 L5 10 1460 1770
34 3.8 62 9 1370 1670
Cl 3.8 38 11 1470 1580
19 3.7 32 11 1530 1710
CWSE 1 3.9 28 11 1640 1550
CvisC 11 3.8 5L 11 1230 1610
CWISC 542 365 52 12 1150 1180
Lot B-255 3.8 30 10 1640 1679
CWSN ‘= EnCl, ~ wood flour carbon.

"

CWsC

CVISE

1]

Compressed wood char.

Coconut shells.
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Part II. Variables of Charcoal Activation Process
as studied in the Laboratory Jiggler
"(Tables and Figures afe at end of Part II)
INTRODUCTION
Activated charcoal mey be produced by passing oxidizing gases suchlas
oxygen, carben dioxids and steam over the primary char at elevabted tempefa—
tures. As the entering gases meet the charcoal, the resultant burning forms
oxidation products such as CO, COp, and Hy which are given off into the gas

stream, As this gas stream proceeds from one layer of charcoal to the next

the concentration of reaction products progressively increases. Each oxidigz~

ing gas has a specific activation effect on charcoal depending upon the
temperature and ash constituent of the charcoal. Factors connected with
diffusion in the gas phase must be cohsideréed as determining the gas compo-
sition at the solid gas interface, The activation temperature of the char—
coal is important in determining not only the characteristics of the oxida-
tion reaction but also the constitution of the fihished charcoal, unless
the primary char has been previously formed at a higher temperature.

Due to this effect of variation in the composition of the actividting
gases; commercial proceésses employ different methods of stirring to insure
unifermity of oxidation history. Therequisite oxidation conditions for the
satisfactory activation of a priﬁary char are: (1) that a certain amount of
carbon be removed from the interiodr-of the particie by (2) a combination of
activating gases that will produce the desired pore structure. This second
condition usually fixes the rate of activation and determines thetime nec-
essary to accomplish the first.
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For charcoals which must be activated at a low rate, mechanical stirring
is most dgsirable. Some charcoals, however, can be activated at a high rate
of gasification and for these chars the jiggler stirring process is applicables
In the jiggler process the charcoal is stirred by holding the charcoal in a
vertical achivating retort and passing the activating gases from the bottom of
the retort at a velocity high enough to 1ift. and circulate the charcoal. A
detailed photographic study of the fluid flow mechanics of the jiggler process
has been reported in our Formal Report OSRD No. 1521. This study showed that
there were two types of fluid action possible in the jiggler: one at velo-
cities above lO'ft./sec. with light loadings, less than -6 1bs./cu.ft. of 8-30
mesh, the other at velocities below 10 ft./secs and heavier loadings. The
first condition of agitation looks like a snowstorm of charcoal particles and
is called "jiggling." The second condition is entirely different in appearance.
Here the charcoal lies in a solid bed and is agitated by slugs or bubbles of gas
rising through the bed in a mannef similar to boiling water, and has been termed
"Boiling Bed." The development of this process is described in OSRD Formal
Report No. 4011 (Aug. 12, 1944) "Activation of Charcoal in a Boiling Bed
Furnace."

Theklgboratory jiggler for the activation of gas charcoal was first re-
ported by Propo§g1‘10.5~57 (E—57) in OSRD Report No. 956 of July 31, 1942.
That report describes a retort forjbhe.activation of charcoal in which the

charcoal is lifted and circulated in a stream of oxidizing gases flowing up—

) ward at a relatively high welocity. The results -of that work showed that

primary char from widely wvaried raw materials could be activated rapidly in
pure steam to give a product whose PS 1ife was a function of the amount of
material gasified, reaching a characteristic maximum value for each chare.
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The photographic study OSRD No. 1521 of the fluid flow characteristics exist-
ing in the laboratory jiggler was made to provide the information necessary
to improve the reproducibility of the temperature measurementse The report
at hand gives the results of several hundred activations in a study of the
variables of the activation process in the laboratory jiggler.

Operating Procedure.

The procedure by whigh the activation data in Table I were obtained for
this report is as follows: The primary char to be charged to the jiggler was
dried at 150°C., A weighed sample of this char (12-16 U.S. mesh) was loaded
at the separator cone with commercial cylin@er nitrogen flowing through the
jiggler. The temperature was determined by a chromel—alumel thermocouple
in the charcoal bed., When this temperature reached the desired activation
temperatqre, the nitrogen flow was stopped and the steam flow started. At
this time the activation period was considered to have started. The heating
period usually took about four minutes. During the activation run the tem~

perature of the thermocouple was maintained constant. Upon the elapse of

the predetermined activation time the steam was shut off and the charge

blown out into a receiver with a stream of nitrogen. The product was weighed,

screened to 12~16 U.S. mesh, reweighed for yield of 12-16, and dried before
testing by the accelerated PS tube test (10 cm. bed, 47 mg./l., 1 liter/
(ca.)%(min.).

In all of the runs a 50 gram charge was used with the exception of
J 679-82, 69697, and 711-1lL inwhich the charge was 75 grams.

In all of the runs the charcoal was held in the jiggler tube by the

lower screen at the bottom of the tube. In the runs marked SCREEN the up--

ward travel of the charcoal was restricted by another screen placed in the

upper part of the tube (above the charcoal) after the charcoal was charged.
CONEIDENTIAL
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By this arrangement ‘the ¢harcoal was allbWed to circulate only betweeﬂ the two
screens about six inches apart, This did not give a fixed bed (with reference
to fluid charactériswics). The rate of steam input is given in Table I, but o
owing to the fact that the gas velocity was'éo high most of the meshes in the =
upper screen weré-quite foreibly plugged by charcoal particles, and a §onsid—

erable amount of steam probably channeled around the sides of the charge. As

far as most of the charcoal particles were concerned, the relative gas velocity

was effectively zeéros

Reproducibility of Jiggier‘Measuréments.

In measuring ‘ the time of activatioﬂ, variations in handling procedure do

E not cause an error of moré than 1% in the  time., The inaceuracy of opf weighing
! and BS life testing procedure for a single determination of yield, apparent
density (A.D.) and PS life is less than 3%.

+ The observed spread of data shown in the odd numbered Figures 1-25, ticti-
vation of Charcoal," shows the approximate magnitude of the standard deviations
to be for the yield x 2.5%, for the A.D. + 12,5%, and for PS % 5%. The tempera-
ture reproducibility is demonstrated in Figure 23 sﬂowing a series of 75 runs
between J 913 and J 1023 in which 38 différent production samples were acti§ated
at 1400°F. to give identical gasification rates. '

Thé question of -reproducibility of fluia flow characteristics was diséussed
in OSRD Formal Report No. 1521, Recalibration of boiler heater, replacement of N :
burned out heatér :and new calibration at J 1358, frequent’insﬁéction of jiggler
. for leaks, and the replacement of tli€ screen to maintain constant position of -

the bed relative to the thermocouple insured the continued reproducibility of

the mechanical action of the jiggier.
Recycle. -

One feature of the mechanical action, the full importance of which was not
CONFIDENTIAL
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realized when described in the last formal report (OSRD No. 1521), is the re-
cycle (or shuttling) between different temperatures. In the gas-fired furnace
system which heats the jiggler the jiggler tube is maintained at its highest
temperature at the bottom and falls to about 200°F. at the separator cone.
Charcoal is heated to its highest temperature at the screen and cools pro-
gressively as it is blown up the tube, The charcoal which is blown into the
cone at high gas velocities may fall to as low a temperature as 500°F. The
comparison of gasification rates at different gas velocities for the same tem—
perature at the screen shows that the temperature history effect on the burn-—
ing of carbon is slight; i.e., other kinetic resistanées (gas films) in carbon
gasification are so great that some cyclical cooling does not decrease burning.
This indicates that perhaps the maximum temperature during the cyclical proc-
ess is of the most significance. In the extreme case where carbon cools in
the cone in an atmosphere of more than 80% water, water vapor is drawn into
the pores. As the particles fall tg the hot tgbe some of this water adsorbed
may react before it can escape resulting in oxidation of as much carbon as if
the particles had stayed hot all the time. However, the magnitude of the ef-
fect at a recycle frequency of 10 per minute and a temperature variation of
1000°F. would not accouat for more than 5% of steam reacting with the carbon.
It has not been proven as yet whether or not recycle has any effect on the
quality of the product.

Analyses of composition of the activating gas atmosphere in the jiggler
were reported in Division 10 Informal Report 10.4-30 of August 1, 1943. The
analyses were those of the effluent gas where the influent gas was steam, enter-
ing with a velocity of 3 feet per second through a charcoal charge of 50 grams
initially. These data show that the charcoal particles are in an atmosphere

of more than 80% steam as calculated by the equation:
CONFIDENTTIAL
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% steam decomposed = (% charcoal dacomposed by steam/hr.)
‘ (steam input rate)

x

* (mole % Hp in leaving gas) x (mol.wt.H:-0)
i (mole % CO + mole % GOg) (at.wt. C)

This steam concentration i; high enough so that, considering the effect of the
composition of the activating gases on tpe activation process as a first Qrdef
effect, variations in compqsition during a series of runs are only of second
orde; magnitude,

For the screen runs discussed above, Ehé composition of the gaseous en~
vironment is probably quipe different from that encountered in jiggling and this

, should be borne in mind in comparing results.

Correlation of Results
With these limits of repfoducibility in mind, a discussion of the technique
or correlating the results is an integral part of the éctivation method,

The following variables are to be considered for correlating activation

data:
1. Type of char activated.

2. Time of activation period.
'3+ Velocity of activating gas.
L. Charcoal temperature (maximum).

The properties to be observed are:
1. Weight of 12-16 U.S. mesh charged.
2. Weight % yield.
3. Weight & of 12-16 U.S. mesh in yield
L. Apparent density of 12~16 mesh product.
5., PS life of 12-16 U.S. mesh product.

Since the time is most accurately measured, the observed properties may well be

CONFIDENTIAL
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plotted as a function of time and smoothed values read from the curyes. This
redﬁces the probable error. Then the averaée values of the properties can be
correlated. The correlations of thé different properites are discussed in de-
tail below:
Yield~Time.

Figure 23 shows 75 runs between J 913 and 1023, The yield~time relation-
ship is, as near as can be practically determined, linear. As a result of
this evidence it has ﬁeen assumed that this relationship held for all runs
herein reported, and the reader may draw his own conclusions as to whether
the deviations of thelﬁoints in odd—numberéd Figures 1-25 justify this as-
sumption.

A.D.~Time.

The observed points for the A.D. versus time for the 75 runs mentioned
above did not so conclusively give a linear relationship. In view of the
large spfead of the points as mentioned in the discussion of reproducibility,
it is believed that a linear relationship is as good a fit as aﬁy other. Fur-
thermore, there seems to be no theoretical basis for predic?ing a more complex
function. It developed later that other data have confirmed the assumption
of linearity to some extent. Hinshelwood in his report7 has also assumed
that the straight curve for A.,D. versus time holds for coal chars activated
by a different process than those of this report. Theoretical considerations
which will be discussed later also show that no simple asstmptions will give
a function which will differ enough from a straight line in the region

measured to make any significant difference,

7- "The process of charcoal activation in relation to the properties.of the
product. # Oxford Physical Chemistry Laboratory, 1942.
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PS Life-Time |
The PS life versus time is of ¢ourse hardly ever a straight line and the
best that can be done 1s to follow the experimental points to‘the best ability
of draw1ng a curve.

Graphing Procedure

In correlating the data the procedure used was as follows: A graph for
three propertiés of yiel& A.D:, and PS life versus iime was drawn for each
continuous series of actlvatlon runs in which all conditions except time wa?e
constant. Thls resulted in over 100 separate graphs on whlch was only one set
of p01nts. For example, sample X72 is run for l 0, 0.50, C. 75, and 1.25 hours,
at a temperature of 1500°F., and a steam veloc1ty of 3.5 ft./sec. resultlng in
four products J 909, 910, 911, and 912 in the order of times given above,

(That is, an increésing order of time was not always followed.) This gives
four values of yield, A.D., ana PS each of which are then plotted against time.

.

The bestlcufves are drawﬁ throﬁgh the points and no further points are plotted
on this sheet. The flg;réu in this report were obtained by superlmposlng these
separate graphs representlng the variables to be correlated and transferrlng the
best average line by 1nspectlon to the master graph for the report. The data
points are also plotted as a check for the master curve. But in case the
reader seems to detect unnecessarily large deviations, it should be emphasized
that'the curves inlthe figurés bear only second-order relations to the points,
these Having come directly from a collection of individual eurves. This pro-
cedure results in a truef éverage slope.

From the master curves of yiéld, A.D. and PS versus time values for the
curves of A.D. versus yield, PS versus yield, and PS versus A.D.Iweré taken and

plotted giving the smooth curves of the even—numbered figures 2-26. Th2 ex-

perimental data were again plotted to check the curves. The fit of these
CONFIDENTIAL
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points which are now three times removed from the curves is in general ac-

ceptable.

The value of this procedure will be appreciated when it is realized how
erratic individual points might be on an A.D,~yield relationship making it a
very difficult task to pass any kind of avergge curve through such a plot hav-

ing only a few points in a series of runs. 1In the case of a large number of

points such as the 75 runs previously referred to, the time parameter curve
does not fit the A.D.~yield plotted points exactly. By looking at Figure 24
the reader may get some idea as to how accurate this method is likely to be in

predicting the proper slopes on the A.D. versus yield, PS versus yield, and

PS versus A.D. bases.,

Size loss Versus Yield.

e AT e vt S ke e e st R e ok Mt
- . ) T Py 5

20 s 5 et
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e, T Ty (e T T

e e

The per cent of 12-16 mesh in the yield is plotted against per cent yield.

The accuracy and the significance of the size losses are not sufficient to war-

rant such extended treatment as that described for the PS, A.D., yield time data.

Conclusions from Experimental Data.

The experimental data on which this report is based are presentéd in Table

I, For a graphic picture of the relations found the data were plotted in Fig-

ures 1 through 35, according to the method described in the previous section.

The discussion below relates to the conclusions drawn from these figures.

Weight and Volume losses.

Between 80 and 30% yield the yield-time curve is a straight line and the

A.D-time curve is a straight line and of necessity the yield-A.D. curve is a

straight line, as shown by Figures 1-26 and 32.

listed in Table II.

The slopes for the curves are

The intercepts at zero time and 100% yield, as well as the average values

for the curves on each graph, are listed in Table III.
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cases for the poqitipns of the intercepts obtained in Table III. The inter-

pretation of these cases with regard to the charcoal burning process is-as

follows.

(l) Yleld—tlme intercept above 100%: steam oxidation reaction starts slowly and
reaches m311mum value after an induction period.

(2) Yleld—tlme intercept below 100%: loss of volatile matter commencing as tem-
perature of last heat treatment is, passed in heating up period. Most of
this volatile matter will be discharged before the steam is admlttéd (i.e.,
zero time) and there may be as in (1) an induction period before the steam
gxidalion reaction reaches its maximum value.

(3) A.b.htime intercept abové initial A.D.: probably shrinkage. Of course there
is no way of telling what the actual A.D. is in the jiggler. It can only

be observed that the curve of A.D.—after—cooling extrapolates to a higher

A.D. than it had before charging.

(h) A.D.-time 1ntercept below the initial A.D.: the shrinkage is probably neg-

ligible. In both cases three and four other factors such as loss of vola-

£,
tile matter and carbonization treatment must be considered. It can only be

>

observed with certainty that phe curve is convex or concave ot the abscissa
at the origin. IWhether it crosses the abscissa or not is uncertain since
no measurements were taken in that range.
(5) A.D.~yield intercept above initial A.D.: represents shrinkage, but does not
necessarily delineate the actual path by which the shrinkage occurred.
(6) A.D,~yield intercept below initial A.D.: represents. no shrinkage.
The éverage values for the intercepts and slopes of the A,D.-yield curves
from Table III are plotted in Figure 32.

The curves of per cent volume yield versus per cent weight yield were cal-

culated by the equation:
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5 - 63
AD)y  (AD),
using 0,60 and 0.50 as ADo; where m is the mass, V thé volume, p the apparent
density at aﬁy time, and po the apparent density at zero time,”

. A disagreement of the size loss data with the calculated volume loss,
shown as solid lines in Figs. 27, 28, 29, 30 and 31, is caused by attrition of
the particles. Where the size per cent is higher than the predicted wvolume
per cent the softer particles have suffered disproportionate amounts of attri-
tion and burning; Where the size per cént is 16wer the effect of attrition
has been general, The per cent of 12-16 mesh in the yield versus the per cent
yield is.plotted iﬁ‘Figures‘27—31. The curves shown in Figures 27-31 are cal-
culated volume per cent yields taken from appropriate corresponding AD~yield
curveé in Fig. 16-26, The per cent size loss of 12-16 is theoretically equiv-~
alent to about 75% of the volume loss. The per cené volume curve calculated
from the average AD-yield curve 1-13 in Fig. 32 is shoﬁn iﬁ’fig. 28 composite,
The shape of the per cent volume curve is very sensitive to the slope of the
AD-yield curve, so that too close correspondence to thé size loss cannot be ex~
pected. The agreement which is obtained therefore in Figures 29-31 can be con-
sidered excellent., The above effect of gas velocity on the attrition produced
is shown in Figure 28 composite. Such a velocity distribution effect is un~-
doubtedly due to the flpid action in the laboratory jiggler.

THEORETICAL SHAPE OF AD-YIELD CURVES

The AD-yield and volume are mathematically related by the following
equation:

Nomenclature:

Let m = mass, grams
Vv = volume, CCs.
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P = apparent density (A.D.)
R = ratio factor, gﬁé
¢ = integration constant
& = constant, slope = gﬁ
e = constant, intercept on density axis. of density vs. yield relation

\/= ratio factor

P

<lis

(1)
"The path followed during activation may be described differentially by

dm = p dV + v dp (2)
We may arbitrarily designate the quantities occurring in the equation as ex~
ternal me and internal my.

dm = dmg + dmy (3)
by the following transformation

, dmi  dmg Vdp (4)
substituting from (1)
2dn -dinm _ R ) '
mdp dlnp (5)
Let R be constant and integrate
m = ch (6)

Equation (6) is obbtained where ¢ is a constant of integration.,

Let a second case be considered where the apparent density vs, yield curve is
linear and my = 1 gram,

p = am/my + e ‘ (7
Let dp/dm = a. 2 is the slope of the apparent density vs. mass yield curve,
Substituting in (4) we obtain

R =1

av , (8)
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Substituting (8) and (1) in (7) we obtain

amR = am + e (9
am = (R - l)e' (10)
R-1=Gne =Y (11)
dmy
and m = s:l_\(_ | (12)

In brief, the log relationship requires that the £ go down with large curvature
below m = 0.2 my (20% yield) so that p will go to O, and the first order rela-
tions require that the external burning increase as the volume goes to O. Here
yield and volume may go to zero having a perfectly finite apparent density.

Both relations fit the data equally well, and the data do not furnish a basis

for extrapolation.

Rate of Gasification,

From the burning characteristics of these samples several conclusions can
be drawn concerning the oxidation of the charcoal.

1. A constant burning rate with time must mean that the effective area tak—
ing part in the oxidation is approximately constant,

2. The Arrhenius constant for the reaction is 47500 cal./mol. (See Table
IV.) This indicates the diffusion is not controlling and this value is in
good agreement with Mayers8.

3. The composition of the gases evolved during activation of the pressed
wood char as reported in Informal Progress Report 10.4~30 agrees with those
reported by Mayers and also approaches the value for the water gas equilibrium
(See Table IV). This indicates that the charcoal is behaving like graphite

in this reaction, as contrasted to PCI char which shows the effect of its ash

8 - J. Am, Chem. Soc. 56, 1879 (193L).
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constituent by the large percentage of QO in the reacted gases.
PS Life,

The observed PS lives have been correlated with thetime of activation,
yield of product, and apparent density of product, as shown by Figures 1-26.

The general shape of the PS curve in these correlations is one which rises
to a maximum and then levels off or descends slightly.
PS-Yield

The rate of rise of PS life with décreasing yield on the ascending portion
of the PS—yield curve is regular and reproducible for the No. 109 sanples, as
shown by the even-numberéd Figures 2-14. From the CR, (M, CL and 108 samples
there is a much larger spread of values in this region (see Figures 16-26).
In Figures 24 and 26 the 24A and 26A and B curves reach the maximum very rapidly
while the 24B and 26D curves have a much smaller slope to the maximum. For the
109 char the PS~yield curves are flat between 50% and 30% yield forming a sym—
metrical family. For the laboratory carboniged Presto-logs the above relation-
ship is approximately true, bit in some cases the maximum 1lifé is higher and
is reached at lower yields.  Refer to Figures 20, 24 and 26.
PS-AD

The PS-AD curves are generally of the same type as the PS-yieid. The runs
numbered J 1291-96, 1334-37 with screen in Figures 6 and 10 show that under
some conditions the PS life increases within a very narrow range of AD. A
correlation between initial AD and PS life developed is presented in Figure 24
of OSRD Report No. 1856.on "The Preparation of Wood Charcoal Suitable for
Activation.!" The figures in our report compare only graphs for ‘activation of
materials with the same initial AD.

The relation of the adsorption isotherm to the adsorptive capacity'o§

charcoal has been under investigation in NDRC Section 10.5. The PS life has
CONFIDENTIAL
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been correlated with the volume of nitrogen adsorbed at -195°C. under 0.4 rela-
tive pressure per cc. of charcoal by the equation.
PS life (min.) = 0.53 (Vo,; - 48) 2

Nitrogen isotherms for Carlisle char reported in Informal Progress Report 10.5-7
show that for jiggler activation of this char the Vg values are approximately
proportional to the apparent density of the sample. Vg is the volume of Nz
adsorbed at saturation and is a measure of the total pore volume. Figure 36
illustrates three variations of the shape of the PS curves with the correspond-
ing nitrogen adsorptidn isotherms, the shépe of which is deduced from the above
assumption that Vg is proportional to the AD.

If the sample has the PS-AD curve I then in activating from point 2 to
point 4 the shape of the isotherm does not change and the propértion of large
sized pores is constant. If the sample has the II PS-AD curve the isotherm
changes from 2 to 3 during activation and the number of larger sized pores has
been increased during activation. The activation process for curve III has
been such that large sized pores were present even in the early stages of
activation,

PS~Time

In Table II aré given %be maxima for the PS curves for 109 and the
times at which these maxima are reached, Figure 35 is a plot of these max-
imum lives versus the log of time. The sclid and dotted lines show the ap-
proximate zones of constant temperature, censtant gasification rate and constant
activating gas velocity. The curves represented in Figure 35 having low maxima
are ones having greater development of the large sized pores. In effect
Figure 35 shows roughly the influence of temperature of activation, gasifica-—

tion rate, and activating gas velocity on the pore size distribution developed

9 ~ OSRD Formal Report No. 1777.
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in tﬁe acﬁivation of this char,

Figure 34 is a plot of'the PS maxima in Table IT againét the yield and
AD aP'which these ﬁaxima were reached. Tpig is another methqd of representing
the ﬁanﬁef in which different amounts of internal and egternal burning affect
the PS liféf
CONCLUSIONS ‘
Previoué investigatiOnslo of the efféct of gas velocity on the qctivity
of the charcoal produced have résulted in the conclusion on the part cf several
aunthors that increasing the gas velogity ;mproves the activity of the charcoal
for a given amount of gasification,

Bach and Zolotarevskaya 11

using pulverized sugar carbon sifted through
effect of the gross structure of the primary char on the potential adsorptive
capacity of the finished char.

We conclude that in gas activation of 12-30 US mesh particles the high
gas velocities in the jiggler process reduce the diffusion resistance and

promote the formation of adsorptive surface within the particle,

10- Ruff and Backe, Kolloid Z. 38, 59, (1926).
Kozakovitch and Ismailoff, ibid. 48, 241 (1929), 57, 294, (1931).
11~ J. Phys. Chem. (U.5.S.R.) 7, 5k (1936).

CONFIDENTIAL

" 6w oay




pE=

PiRT IX CONFIDENTIAL

Table I
Results on Activation of Charcoal in Laboratory Jiggler

Semple 108 Compressed wood char from Carlisle Company carbonized to 1200°F.

received llarch 1943. AD 12-16 U.S. mesh 0.49 g./cc.

Sample 109 Compressed wood char from Crown Zellerbach Company (Carlisle
process) electrically calcined at 2000°F. Received June 1943
AD 12-16 U.S. mesh 0.60 g./cc.

Samples OM, CR, and CL Compressed wood char from proposal 10-171 Carnegie
Institute of Technology (Carlisle process; see OSRD Report No.
1002.). .
CR carbonized to 1200°F. AD 12-16 U.S. mesh 0.52 g./cc.
OM muffle calcined 1800°F. AD 12-16 U.S. mesh 0.58 g./cc.
CL electric calecined 1800°F. AD 12-16 U.S. mesh 0.60 g./cec.

Symbols and Units for Table I

Column Symbol
(1) Sample = Sample number, described above.
(2) Run = Run number.
(3) t = temperature of charcoal bed, °F.
(4) s = steam rate, 1b./(hr.)(1b.charge)
{5) u = gas (steam) velocity, ft./sec.
(6) £ = time, hours.
(7) w = gasification rate, 1lb. carbon gasified/{hr.)(1b.charge)
(8} Y = yield, weight per cent.
(9) y = weight per cent of 12-16 U.S. mesh fraction in yield Y.
(10) o = apyarent density, am./cc.
(11) PS = chloropicrin life {accelerated), minutes.

(10 em. ved; 47 mg./1.; 1 liter/(em.?)(min.).)
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Table I

Results on activetion of Charceoal in Laboratory Jiggler
(1) (2)  (3) (4) (5) (6) (7)  (8) (9) 10) (11)
Sample Run t S u © w Y y P PS
109 1551 1450 8.3 1.5 2.0 7.7 84.6 98.0 0.52 25
15652 3.0 9.33 72,0 95.8 0.46 30
109 1553 1450 20.0 3.6 1.5 9.86 85.2 98.5 0.5%4 22
1554 2.7% 11.5 68.4 98.5 0.47 35
1555 3.50 9.3 67 97.5 0.43 35
109 1566 1450 37,7 6.8 2,6 9.4 76,6 97.8 0.50 27
15657 4,0 10.3 59,0 94.3 0.42 42
1559 4.5 11.4 48.6 88.1 0.40 42
1558 5.0 12,2 39.4 84.7 0.36 47
109 1560 1450 30.5 5.5 4.0 10.1 59.6 92.6 0.40 39
1561 5.5 9.4 48.4 86.8 0.39 40
109 1526 1500 0.3¢ 0.062 1.00 7.0 93.0 98.2 0.54 4
1827 2.32 0.42 2,00 12.4 75.2 98.5 0.43 29
1528 4.55 °.0.82 2,00 15,9 68.2 97.4 0.39 32
1529 7.20 1.3 2.00 17.3 65.4 97.2 0.41 39
1533 8.30 1.5 2.5 15.5 61.4 ©93.8 0.37 34
1530 8.30 1.5 3.0 18.1 45,8 92.1 0.33 36
1532 8,30 1.5 3.25 16.8 45.6 91.7 0.34¢ 30
1531 8.30 1.5 3.5 18.1 36.8 87.4 0.30 -

109 1470 1500 8.30 1.5 1.75 20.6 63.9 98.4

v 1468 2.00 22.2 55.6 96.8 0.39 32
1469 2.825 21.4 51.8 95.0 0.39 32
1466 2.50 23.3 41.8 90.8 0.31 35
1467 3.0 23.3 30.0 86.0 0.29 36
109% 1268 1500 19.4 3.5 1.0 16,8 83.2 98.8 0.50 22
1269 2.0 19.4 61.2 95.4 0.40 37
1271 2.50 19.4 51.4 89.6 0.34 38
1273 2.75 23.0 36.8 77.7 0,33 40
1272 3.00 19.4 42,0 78.5 0.31 42
1270 3.25 20.1 34.8 80.5 0,31 42
109 1370 1500 20.0 3.6 1.C 35.0 65.0 94.8 0.46 35
1366 1.25 33.8 57.8 92.0 0.40 41
1367 1.50 33.6 49.6 89.5 0.34 40
1369 1.625 37.9 38.4 82.8 0.34¢ 45
1368 i1.7% 38,3 33.0 75,3 0.31 34
109 1475 1500 30.5 5.5 1.25 29.3 63.4 93.2 0.40 39
1472 1.50 26.5 60.2 93.5 0.39 39
1473 1.75 28.2 50.6 89.0 0.36 46
1474 1.875 31.7 40.6 78.¢ 0,33 45
1476 4 1.925 31.7 39.0 84.1 0.34 43
1471 2.0 36,4 27.4 62.8 9.30 37

*Not plotted on Figure 3
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Table I (Continued) pg. 2

(1) (2) (3) (4) (5) (6) ~(7) (8) (9) (10) (11)
Sample Run t s u < W Y y o) PS
109 1371 1500 30.5 5.5 1.25 33.0 58.8 89.8 0.42 35 )
1372 1.50 31.1 53.2 91.5 0,41 43 t,
1373 1.75 32.5 43.2 85,2 0.34 45 .
1374 2.0 B33.0 34.0 76.0 0.33 46
109 1375 1500 37.7 6.8 1.0 27.2 72.8 96.3 0.44 31 ’
1376 1.5 31L.6 52.6 90.1 0.39 48
1378 1.75 31.0 45.6 85.9 0.34 37
1377 2.0 31.6 36.8 80.5 0.33 42
109 1482 1500 37.7 6.8 1.25 25.0 68.8 89.1 0.45 29
1477 o 1.50 28.6 57.0 9%.0 0.42 42
1479 1.75 28.5 50.2 90.0 0.36 39
1480 1.875 29.0 45.4 89.8 0.38 -~
. 1478 . 2.00 32.6 34.6 78.2 0.31 41
1481 2,00 28.5 43.0 85.6 0.36 ~-
1483 2.25 26.9 39.4 84.8 0.34 36
109 1382 1500 47.1 8.5 1.0 35.8 64.2 87.8 0.39 34
1381 1.25 37.6 °53.0 89.0 0.39 40
1379 1.50 34.5 48.2 85.5 0.37 41
1380 1.75 36.8 B5.6 74.6 0.30 38
109 1453 1500 56.0 10.1 0.75 25.6 81.8 93.5 0.48 24
1454 1.00 24.4 75.6 91.5 0.46 28
1455 1.25 23.0 68.8 90.9 0.46 36
1456 1.50 27.5 58.8 88.1 0.47 38
1459 1.75 28.8 49.6 82.0 0.37 39
1457 2.00 28.7 42.6 80.6 0,35 40
1458 2.25 27.9 37.2 71.5 0.30 40
109 1460 1500 77.5 14.0 1.50 20.7 69.0 88.7 0.43 34
1461 2.00 19.2 61.6 83.4 0.38 38
1462 2.50 20.8 47.8 83.0 0.34& 37
1463 %,00 18.4 44.8 76.6 0.35 40
1464 3.50 16.9 40.8 67.1 0.34 40
1465 4,00 17.2 31.2 50.7 0.28 35
109 1262 1550 30.5 screen® 1.0 35.2 64.8 96.6 0.43 28 ..
1291 (5.5) 1.25 39.2 51.0 91.4 0.39 34
129% 1.375 39.5 45.6 90.7 0.40 35 .
1294 1.50 35.6 46.6 90.1 0.40 33 .-
1295 1.625 36.1 41.4 89.8 0.38 37
1296 1.75 34.3 40.0 93.5 0.37 33

*In these runs the circulation of the charcoal was restricted to that
possiblegbetween two screens 6 inches apart so that the jiggling gas
velocity is effectively zero. The figures in parentheses are the
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Table I (Continued) »g. 3
(1) (2)  (3) (4) (5) (6) (7) (8) (9) (10) (11)
Sample Run t s u aval w Y y ) PS
109 1302 1550 36.0 Screen* 1.0 %4.0 66,0 95.8 0,40 30
= 1307 {(6.5) 1.25 38.0 52.4 93.3 0.39 37
. 1303 1.50 33,1 50.3 93.2 0.39 30
1308 1.50 37.0 44.6 94.0 0.40 33
2 1306 1.625 38,0 38.2 91.2 0.3%37 35
. 1304 1.75 36.4 B36.4 94.0 0.40 31
1305 1.865 34,1 36.4 89.0 0.36 35
109 1281 1550 7.76 1.4 1.0 28.0 72.0 99.% 0.45 29
1286 . 1.0 %1,6 £8.4 96.5 0.43% 30
1285 1.25 33,1 58,6 94.1 0.39 39
1282 1.5 34,4 48.4 93.0 0.32 34
1984 1.75 33.0 42.2 95.7 0.30 40
1283 2.0 %23 B35.4 91.5 0.28 38
109 1276 1550 19.4 3.5 0.75 40.8 69.4 96.8 0.45 30
1275 1.0 38,2 1.8 94.8 0.42 40
1278 1.16 42.5 50.4 92.4 0.37 34
: 1279 1.33  35.2 47.2 92.7 0.36 38
! 1277 1.50 47.8 28.2 71.6 0.29 34
; 1280 1.50 4%.7 34.4 86,0 0.%1 45
: 1274 2.00 46.3 7.4 32.4 = o=
' 109 1287 1550 30.5 5.5 1.0 %8.6 61.4 90.3 0.35 24
1.299 1.0 23,2 66,8 98.5 0.45 34
1290 1.126 43,0 51.6 93.0 0.35% 37
1289 1.25 42.0 47.5 86.5 0.35 40
1298 1.25 36,0 53.0 96.0 0.37 38
1297 1.375 35,5 51.2 95.3 0.39 36
1288 1.50 42.2 38.8 74.0 0.33 37
1301 1.80 37.9 43.2 82.4 0.42 43
1300 1.75 39.4 31.0 82.5 0.31 40
109 312 1550 36.0 = 6.5 0.75% 44.0 67.0 94,4 0.2 35
1309 1.00 52.0 48.0 90.0 0.39 40
1310 1.25 42.3 47.2 91.1 0.36 38
1313 1.30 45.9 40.4 81.6 0,34 40
) 1311 1.50 44.5 33,2 74.2 0.31 37
109 1351 1550 26.07  10.0 1.00 42.6 57.4 87.0 0.41 31
, 1349 1.25 42.3 47.2 82.7 0.37 32
= 1352 1.375 42.2  42.0 79.0 0.35 38
1350 1.50 40.8 38.8 76.3 0.35 33

* In these runs the circulation of the charccal was restricted to that
possible between two screens 6 inches apart so that the jiggling gas
velocity is effectively zero., The figures in parentheses are the en~
tering gas velocities.

* Gas velocity raised to 10.0 ft./sec. by addition of nitrogen.
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(1) (2)  (3) (4) {5) (6) (7) (8) (9) (11)
Sample Run t s u_ e s W Y Yy ¥3
109 1545 1550 2.22 0.4 1.5 21.4 67.8 96.8 26
1542 2.0 23.4 52.8 96.5 31

1544 2,25 24.3 45.4 95.6 31

154% 2.50 27.3 31.8 93.1 31

109 1537 1550 5,54 1.0 1.25 29.4 63.2 96.2 29
1535 1.5 31.6 52.6 95,0 30

1536 1.75 3L.1 45.6 93.5 32

1534 2.0 31.5 37.0 92.5 29

109 1387 1550 8.31 1.5 0.75 45.4 66.0 82.1 32
1383 1.0 51.8 48.2 87.6 36

1386 1.125 50.3 43.4 88.6 37

1384 1.256 48.2 39.8 86.3 30

1388 1.375 51.0 29.8 86.5 37

1385 1.5 53,2 20.2 68.3 31

109 1393 1550 20.0 3.6 0.625 60.7 62.0 94.8 36
1390 0.75 64.0 52.0 93.3 36

1391 0.875 65.0 43.2 88.4 36

. 1389 1.0 62.8 37.2 84.5 36
1392 1.125 66.7 24.8 67,7 36

109 1397 1550 30.5 5.5 0.625 55,3 65.4 93.6 36
1396 0.75 B0.3 54.8 89.0 36

1395 0.875 64.0 44.0 85.4 36

1394 1.0 63.0 37.0 77.3 43

109 1400 1550 37.7 - 6.8 0.75 63%.3 52.6 89.4 40
1401 0.625 88,0 45.0 91.5 24

1399 ©0.875 64.0 44.0 86.0 11

1398 1.0 62.4 37.6 76.1 29

109 1404 1550 47.1 8.5 0.60 62.0 62.8 84.5 0.43 38
1405 . 0.675 6%.7 57.0 88.4 0.35 28

<1403 0.75 79.8 40.2 83.6 0.38 24

1402 1.0 76,0 24,0 62.5 0.29 35

109 1447 1550 56.0 10.1 0.50 46.4 76,8 92.5 0.44 30
1448 0.7% B6.6 57.8 90<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>